We present and study a method to form quantum wires within a bevel-etched semiconductor heterostructure in which n-type quantum wires may be formed either next to a hole-charged region or a depleted quantum well region. By employing Schrödinger and Poisson solutions we examine the formation of the confining potential giving rise to a wire and its dependence on layer structure and magnitude of bevel angle. We also demonstrate how the basic idea can be extended to double well heterostructures in order to form additional quantum wires which can be induced in a lateral configuration. Possible advantages of the proposed method and the resulting quantum wires are discussed.
Introduction
Quantum wires which are realized in clean semiconductor nanostructures have the ability to confine free carriers (electrons and/or holes) in a well-defined quasi-onedimensional region of space with characteristic de Broglie wavelength comparable to the size of the confining region. Thus, the carrier wave function is described by a plane wave along the wire and by a standing wave in the transverse dimensions. Typical one-dimensional (1D) electron densities are on the order of 10 6 cm −1 at T = 4 K [1, 2] which allow not only the study of electronic transport properties but also the demonstration of quantum effects and the fabrication of novel devices [2] [3] [4] . A quantum well which is formed in a semiconductor heterostructure such as, for example, a GaAs/AlGaAs heterostructure, is used to confine the motion of the carriers in the growth direction. Schottky split-gate contacts or side-wall etching techniques [2, 5] are then usually employed to form shallow or deep mesa etched structures to induce confinement in the second dimension, resulting in a 2D confining potential. Theoretical methods to study quantum wires formed by these methods have extensively utilized quantum mechanical self-consistent Hartree models [1, [6] [7] [8] or semiclassical approaches [8] [9] [10] . Novel quantum wires which do not require the above techniques have been proposed and modelled by Porod et al [11, 12] at corrugated GaAs/AlGaAs interfaces which exploit the amphoteric nature of Si doping in V-groove structures.
Some other more complicated techniques to fabricate quantum wires involve holographic photolithography [13] and organometalic chemical vapour deposition [14, 15] .
In this work a heterostructure quantum well is formed using III-V semiconductor materials to induce confinement along the growth direction. To be specific, we choose parameters appropriate to a AlGaAs/GaAs/AlGaAs quantum well though the results are generic and may readily be extended to other material structures. Instead of forming a quantum wire using a split-gate or a common etching process, we demonstrate how lateral confinement along the plane of the quantum well can be achieved by exploiting the modification of the conduction band edge due to a bevel-etched surface of the structure.
It is worth noting that the bevel-etching technique is a relatively old and well-established technique for semiconductor technology [16] [17] [18] . It has been employed for various applications in materials such as GaAs, Si, InP and InSb [17, [19] [20] [21] . It is also important that the technique can be straightforwardly applied at low cost using simple equipment both to homojunctions and heterojunctions without significant damage of the initial structure. A unique feature of a beveletched structure is that a very small bevel angle of the order of 1
• or even less, which can be achieved experimentally with high precision [21] , results in a great magnification of the corresponding etched layers along the surface relative to the growth direction. As demonstrated below, the quantum wire that we propose takes advantage of this feature.
The bevel-etched structure
The quantum-well which forms the basis of the structure that will form the quantum wire is shown schematically in figure 1(a), and figure 1(b) shows schematically the resulting etched structure for a bevel angle θ . Note that along the etched surface the length of each layer is L/sin θ , where L is the corresponding layer width in the growth z-direction. The resulting magnification of 1/sin θ can be very large for sufficiently small angles and, as we show below, it controls the wire potential along the lateral x direction.
To illustrate the main idea of the formation of the wires we have considered first the case of a depleted quantum well (no free carriers) at T = 4 K, which consists, from the surface downwards, of a 4 nm undoped Al 0.3 Ga 0.7 As layer, a 7 nm pdoped Al 0.3 Ga 0.7 As layer (with ionized acceptor concentration N A = 1.5 × 10 18 cm −3 ), a 5 nm Al 0.3 Ga 0.7 As spacer, a 20 nm GaAs quantum well and a thick undoped Al 0.3 Ga 0.7 As barrier layer. The role of each layer will become clear below. Note that the quantum well is also depleted for the etched structure and specifically for all values of the bevel angle. This layer design was derived by solving self-consistently 1D Schrödinger-Poisson equations for a single band model, with a finite difference method [22] along the growth z-direction using the predictor-corrector algorithm [6] to speed up the convergence, and a nonuniform mesh for numerical efficiency.
A layer design which induces holes in the valence band of the quantum well has also been considered in which the spacer layer is removed and the thickness and density of the player increased to 10 nm and 7 × 10 18 cm −3 , respectively. For this design the valence band edge diagram along the growth z-direction of the unetched structure is shown in figure 2 together with the corresponding hole density (for comparison we also show the valence band edge diagram of the depleted quantum well). The Fermi energy E F is indicated by the dotted line and is the reference zero point of energy. For GaAs/Al 0.3 Ga 0.7 As parameters and a temperature of T = 4 K the first subband is occupied with vanishingly small contribution from the second and, as we see, the holes are localized in the valence band quantum well with negligible leakage into the barrier material.
We point out that in the following description we have employed various layer designs (which are based on the structure of figure 1(a)) in order to provide a detailed investigation of the main features of the wires.
To model the etched structure we have performed a quasi 2D solution of the Schrödinger-Poisson equations. In the effective mass approximation the Schrödinger equation has the form
where 
which includes the charge density of the free carriers ρ(x, z) and the dopants N(x, z). Employing an adiabatic approximation we fix variable x and solve the 1D Schrödinger equation only in the z-direction:
which gives the eigenenergies ε n (x) that depend parametrically on variable x. Typical separation of adjacent x points in the numerical procedure is between 1 and 15 nm depending on the value of the bevel angle and the variation of the subband energy along the quantum well. In general, a large angle (θ > 10
• ) requires a relatively fine mesh for good resolution and convergence. The resulting eigenvalue problem is solved similarly to the 1D case requiring the bound eigenstates to be zero at the surface of the structure. We can then expand (x, z) in the basis formed by the orthonormal states χ n (x, z), i.e., (x, z) = n ϕ n (x)χ n (x, z) and substitute this expansion into equation (1), leading to the set of linear differential equations
where
For all the occupied states of the bevel etched structure χ n (x, y) vary slowly with x, so that all the derivatives can be neglected and therefore to a good approximation a nm 0 and b nm 0. In this case the system of equations (4) reduces to d 2 /dx 2 + k 2 n (x) ϕ n (x) = 0 which are N decoupled Schrödinger equations with an effective potential ε n (x). Their number N is equal to the number of subbands occupied in the quantum well. For the problem under study the carriers occupy no more than one subband with energy E 0 (x) and the latter equation takes the form
Note that E 0 (x) is constant around a given point x, for states that are not confined in the x direction when the potential varies smoothly with x. The free carrier (electrons/holes) charge density considering a parabolic band can then be written as
with f (E, E F , T ) being the Fermi-Dirac distribution function and q = ±e the carrier's charge (for the holes f is replaced by 1 − f and the energy is measured from −∞). When there is strong confinement along x and the wire region is not depleted, the above expression provides an approximation to the free carrier charge density. Since in this work we are primarily interested in demonstrating the idea of the formation of the wires, we have used equation (8) coarse in the barrier region below the quantum well and fine otherwise. In the x-direction the mesh is fine along the lateral length of the quantum well. The boundary conditions are a fixed potential on the free surfaces (i.e., etched, top and right surfaces) and a zero normal component of the electric field at the boundary of the structure below the quantum well (i.e., bottom surface). The fixed value for the electrostatic potential at free surfaces is a consequence of Fermi level pinning at the mid gap of the corresponding material [1, 23] . More specifically, if for E F = 0 the fixed potential for the barrier material is
e, then for the well material it is w = −E w g 2e. E c denotes the conduction band offset which is taken as E c = 0.67 E g , where the energy gap difference is E g = E b g − E w g = 1.25x, with x being the Al fraction [24] .
The characteristics of the etched structure for the holecharged quantum well and for a bevel angle θ = 3
• are shown in figure 3 . Specifically, we show the hole distribution in a contour plot of figure 3(a) (note that the horizontal orange lines indicate the corresponding boundaries of the layers) and in figure 3(b) the hole sheet density with the first subband variation along the lateral distance x. It is important to note that the hole density decreases along the quantum well with decreasing x and drops to zero still within the rectangular region where the p-doped layer remains unetched. This is a combined effect due to the etched surface and the imposed boundary conditions. The resulting distribution is similar to that from a positive voltage applied to a surface gate. For the limit of very small bevel angles (θ < 0.03
• ) for which the problem can be treated efficiently in 1D along the z-direction, the charge density is constant within the entire rectangular region and decreases gradually along the etched region to zero.
Formation of the wires
To demonstrate wire formation we consider the etched structure shown in figure 1(b) . In figure 4(a) we show a contour plot of the electrostatic potential distribution when the well is depleted and for a bevel angle θ = 1
• (the horizontal lines indicate the boundaries of the layers).
To demonstrate the confinement along x we present in figure 4 (b) the lowest subband energy (for electrons) in the zdirection along the lateral distance x, which is derived within the adiabatic approximation, i.e., by solving the Schrödinger equation along z for each point along x. Note that the vertical dotted lines correspond to the projections of each layer edges on the x-axis and indicate the region within which the corresponding band edge variation takes place. As we can see from figure 4(b), the wire potential minimum along x is located entirely in the etched region and specifically below the spacer, cap and p-layers. Because the bevel angle is relatively small the layers are magnified significantly compared to the growth direction by a factor of 1/sin θ ∼ 60. As we see, the subband variation is such that it creates a confining potential in the lateral x-direction which, together with the quantum well potential in the growth z-direction, results in the 2D confining potential of a quantum wire. A similar confining potential though narrower and shallower due to the higher pdoped density and the absence of the spacer layer is created by the structure which induces holes in the quantum well (figures 4(c) and (d)), because, as we showed in figure 3 , the etched region is totally depleted of free carriers and the hole density rises approximately 100 nm beyond, towards the right-hand side, a distance which is angle dependent. This is an interesting feature of the bevel etched technique because it allows the formation of electron quantum wires next to either a hole region or a depleted region depending on layer design.
We can increase the region in which the subband variation along the lateral x-direction takes place by decreasing the value of the bevel angle. Figure 5 presents the subband variation along the depleted quantum well for various bevel angles. An important feature is that the total confining potential is angle dependent and specifically in the x-direction its width and depth increase as the angle decreases because the widths of the corresponding regions increase. This means that we can tune the aspect ratio of the resulting wires and in fact, as we see from figure 5, this ratio tends to unity with increasing bevel angle. However, it should be noted that the well becomes narrower, shallower and closer to the etched surface along x with increasing angle and is impractical for θ > 30
• . Note also that although for θ > 2
• the potential displays a parabolic form, for smaller bevel angles the bottom of the potential is flat to a good approximation due to the significant increase in lateral length of the spacer layer and in this regime the potential cannot be fitted well to a parabola. The wires which are formed next to the hole region (for the second layer that we have considered) display qualitatively similar behaviour, as we can see in figure 6 . However, as we have mentioned, for a given bevel angle they are narrower and shallower due to the higher p-doped density and the absence of the spacer layer. As a result, the confining potential changes character resulting in wires much closer to the surface for a bevel angle greater than 5
• . On the other hand, it is clear from figure 5 that for the structure which induces no holes the wires remain well defined and remote from the surface even for angles of 20
• . For all the cases we consider the wires which are formed along the unetched quantum well layer, so that the resulting wires to be isolated from the exposed etched surface, even though within the etched quantum well layer the confinement along z increases due essentially to the decrease of the well width. Figure 6 . Lowest subband energy in the z-direction, along the lateral distance x, for varying bevel angle and for the structure which induces holes in the quantum well. The value of the bevel angle is from the outer to the inner curve equal to θ = 1, 2, 3, 4, 5, 10
• . For comparison all the curves are shifted horizontally to align minima.
It is important to demonstrate how we can introduce charge in the wire and vary its concentration. For this purpose we have considered a structure which consists, from the surface downwards, of a 40 nm undoped Al 0.3 Ga 0.7 As layer, a 70 nm pdoped Al 0.3 Ga 0.7 As layer with ionized acceptor concentration N A = 2.3 × 10 17 cm −3 , a 30 nm GaAs quantum well, a 10 nm n-doped Al 0.3 Ga 0.7 As layer and a thick undoped Al 0.3 Ga 0.7 As barrier layer. In figure 7 we show the subband variation along the quantum well and the corresponding sheet electron density for two different angles (7 • , 10 • ) and two different densities of the n-layer (N D = 1.0 × 10 18 cm −3 and N D = 1.2 × 10 18 cm −3 ). We point out that unlike the two previous structures the Fermi energy in this case lies relatively close to the conduction band edge, within the etched region, ensuring that the electron concentration in the quantum wire can be controlled efficiently by modifying the thickness and/or density of the n-doped layer. Electrons are introduced into the well at the region where the p-doped layer is etched, with a concentration that is angle dependent. Specifically, as we see from figure 7, increasing the donors density leads to an increase of the charge in the wire, as expected, whereas for a fixed doping density both the concentration and the width of the wire increase as the bevel angle decreases. This is because the thickness of the p-doped layer decreases due to etching while its lateral length within the etched p-region, which determines the width of the wire, increases. We also observe from figure 7 that the wires have a relatively flat base when they contain charge (unlike the depleted wires) even for the large angles that we have considered, due essentially to charge screening effects. We also note that with our high ndoping density, the value of the bevel angle has to be chosen so as to prevent charge leakage into the barrier material along the growth direction. Finally, we point out that alternatively a combination of Ohmic contacts and surface gates could be used to inject electrons in the wires accompanied by transport measurements to reveal conductance steps and thus the position of the wire. Such experiments could further utilize • . The plots are shifted horizontally to align minima.
back gates to modulate charge and probe how clean the wire is.
For all the proposed wires the induced confining potential along the quantum well is due to the bevel-etched surface which results in a well-defined constriction. Specifically, the potential decreases as we move from the unetched region, where the potential is to a good approximation constant (for small angles), to the etched region. This potential drop depends on the magnitude of the bevel angle and the specific layer design. For example, by lowering the ionized acceptor density the potential barrier lowers and becomes less steep, falling to zero in the limit of no doping. Removing the cap layer also lowers the height of the potential barrier which otherwise results in a linear increase of the potential barrier (see figure 4(b) ) that can be significant for small bevel angles. Note that a highly doped layer requires additional etching, i.e. a smaller bevel angle in order to induce a similar quantum wire, as that of a less doped layer. On the other hand, the potential increases as we move from the etched region of the barrier to the etched region of the quantum well reflecting the change of boundary condition for the electrostatic potential on the etched surface. As a consequence, this increase of the potential for a fixed bevel angle is proportional to the difference in the energy gaps ( E g ) between the barrier and well materials.
To obtain an estimation of the quantization along the x-direction we present in figure 8 (a) the energy splitting of the two lowest energy levels of the effective confining potential along the depleted quantum well, as a function of the bevel angle for a spacer layer of 5 nm (solid line) and for no spacer layer (dashed line). The corresponding energy levels are obtained by solving Schrödinger's equation along the x-direction for the effective potential E o (x), which is extracted by determining the lowest subband energy E o in the z-direction, for all x of interest. As we see, by decreasing the value of the bevel angle the splitting becomes smaller since we increase the lateral length of the layers and, as a result, the quantum wire becomes wider. In general, the energy splitting is somewhat larger than the thermal energy (for T = 4 K that we consider) and intersubband scattering is very small. In figure 8(b) we show the probability distribution of the four lowest energy levels for a bevel angle 4
• and zero spacer layer. All are well-localized in the potential minimum of the wire with no leakage into the continuum, a behaviour which is displayed by all the wires for bevel angles θ < 20
• . The width of the right potential barrier of the confining region along the quantum well is proportional to the width of the unetched structure. This width can, of course, be chosen to be sufficiently large for the wire to be formed far from the right surface. On the other hand, the width of the left potential barrier, which effectively corresponds to the lateral distance of the etched quantum well surface, is a function of the bevel angle. In particular, figure 5 shows that a bevel angle of θ = 1
• produces a barrier almost 500 nm wide, whereas , (c) Energy subband variation along x due to the coupled quantum wells 1 and 2. For x < 1500 nm the quantum well 1 has no effect.
for an angle of θ = 10
• this has reduced to 30 nm. This demonstrates that a small bevel angle induces a wide barrier, isolating efficiently the wire from the etched surface along x, thereby minimizing the effects of defects and trapped charged at the surface. Such effects are generally not fully understood and include, for example, surface dipoles, potentials due to impurities and trapped carriers in surface states which may affect the wire-induced potential profile.
Finally, we note that the above analysis of the formation of the wires can be extended to multiple-well heterostructures. To demonstrate the new features we have considered for simplicity a double well which results from the basic structure of figure 1, but with two quantum wells 10 nm wide, separated by a 5 nm spacer layer. The electrostatic potential distribution for this structure is shown in the contour plot of figure 9(a) for a bevel angle θ = 1
• (the horizontal lines indicate the boundaries of the layers) and the effective potential E o (x), which arises from the two strongly coupled quantum wells, is shown in figures 9(b) and (c). Note that for x < 1500 nm E o (x) is due to quantum well 2. Along the plane of the top well E o (x) is such that it forms a well-defined confining potential, as expected from the study of the single well structure, giving rise to a quantum wire. The most interesting feature is the formation of two lateral wires in the bottom well which are separated by a distance of ∼570 nm. Note that this distance corresponds to the lateral width of the top well which is angle dependent. It is clear from figure 9 (a) that the right-hand wire is formed in a similar way to the wire in the top quantum well and therefore it is also angle dependent. To be specific the barriers which form the right wire arise from the p-doped etched layer and the variation of the electrostatic potential along the etched surface due to the material-dependent boundary condition. It is important to note that for the right wire to be well-formed the bottom quantum well needs to be close to the top quantum well since the effect of the p-layer decreases rapidly as we move from the surface downwards. On the other hand, the barriers which form the left quantum wire arise only due to the potential variation along the etched surface and this means that the form of this wire is independent of the p-doped charged layer. Its width is proportional to the lateral width of the spacer layer between the two quantum wells which can be controlled by choice of bevel angle.
The above analysis for two quantum wells may be extended to a multiple quantum-well superlattice. Such a structure will result in a regular array of parallel quantumwire confining potentials below the surface. This is illustrated in figure 10 , where we show a multiple quantum well bevel-etched heterostructure with 10 nm wide quantum wells separated by 5 nm barrier layers and a bevel angle θ = 5
• . In this figure we plot probability density of the lowest mode of the induced confining potential wells closest to the etched surface, obtained by solving the 2D Schrödinger equation in the x-and z-directions and neglecting the coupling to neighbouring confining regions along the quantum wells. It is clear from symmetry that the separation between the wires measured along the surface is (w + b)/sin θ and their centres are of order (w + b)/2 cos θ below the surface, where w is the width of the well and b the width of the barrier. Note also from figure 10 that to a reasonable approximation the cross-section of a wire is confined to a rectangular region of constant potential with dimension b/sin θ in the x-direction and w in the z-direction. The physical origin of these wires is essentially a gating effect imposed by the requirement that the Fermi energy is pinned mid-gap at the etched surface, resulting in a fixed change in potential at the surface when moving from the well to the barrier material regions.
Conclusions and discussion
We have presented a simple method to produce quantum wires in semiconductor heterostructure quantum wells which does not require electron or ion beam lithography. Instead of using side-wall etching or Schottky contacts, the fabrication of the wires is based on a bevel-etched technique. Solving Schrödinger-Poisson equations we have shown how the characteristics of the wire confining potential may be 'engineered' by choice of layer design and magnitude of bevel angle. The resulting quantum wires, with angle-dependent depth and width, can be formed either next to a hole-charged region or a depleted region with a range of bevel angles θ = 1 − 25
• . An aspect ratio for the wires approaching unity seems feasible for the appropriate angle and layer structure. We have demonstrated how the basic idea can be extended to include more than one quantum wire by using a double well heterostructure. Parallel quantum wires can be induced in the plane of the wells and the method can also be applied to multiple-well devices. Electrons can be introduced into the wires through Ohmic contacts and modulation doping and controlled by back and surface gates, which may also be used to define quantum dots. The fact that the bevel-etching technique is relatively simple and well-established supports the possibility of physical realization of the wires. In particular, the induced wires are well-isolated from the surface along the well of the structure, provided the bevel angle is of the order of 1
• -25
• . This reduces the effect of minor damage to the surface due to the etching process, smoothing out fluctuations in the confining potential resulting in relatively clean quantum wires.
